Abstract: Identification and isolation of secondary building units (SBUs) from synthesis media of zeolites still represent a challenging task for chemists. The cage structure anion Si 12 O 30 12− known as the double six-ring (D6R) was synthesized from α-cyclodextrin (α-CD) mediated alkaline silicate solutions and conditions of its stability and reactivity in aqueous solution were studied by using nuclear magnetic resonance (NMR) spectroscopy. A single crystal X-ray diffraction (XRD) analysis revealed a novel polymorph of the hybrid complex K 12 Si 12 O 30 ·2α-CD·nD 2 O (n ≈ 30-40), which crystallizes in the orthorhombic C222 1 space group symmetry with a = 14.841(4) Å, b = 25.855(6) Å, and c = 41.91(1) Å. The supramolecular adduct of the silicate anion sandwiched by two α-CDs forms a perfect symmetry matching the H-bonding donor-acceptor system between the organic macrocycle and the D6R unit. The driving force of such a hybrid assembly has found to be strongly dependent on the nature of the cation present as large alkali counter ions (K + , Rb + and Cs + ), which stabilize the D6R structure acting as templates. Lastly, we provided the first 29 Si MAS NMR measurement of 3 Q Si in an isolated D6R unit that allows the verification of the linear correlation between the chemical shift and <SiOSi> bond angle for 3 Q Si species in DnR cages (n = 3, 4, 6).
Introduction
Zeolites including both natural and synthetic minerals have been extensively studied over the years because of their structural and chemical properties that produce interest in various fields. Zeolites are associated with ordered micro porosity, high crystallinity, strong acidity, molecular sieving capability or huge specific surface area availability [1] , which makes them interesting materials for adsorption [2] , catalysis [3, 4] , and separation [5] . These materials are usually synthesized by the hydrothermal method from hydrolysis-polycondensation of silicates or aluminosilicates in alkaline media [6] . They have several structural characteristics in common based on three-dimensional combinations of TO 4 (T = Si or Al) tetrahedra interconnected to each other by sharing their oxygen atoms. Such molecular arrangements with variable T-O-T bond lengths and angles result in a variety of the so-called Secondary Building Units (SBUs). To date, 23 distinct SBUs are enumerated and proposed by the structure commission of the International Zeolite Association, which allows the structural description of the 235 known zeolitic framework topologies [7] . Some SBU-type silicates have been identified in solution by using 29 Si nuclear magnetic resonance (NMR) spectroscopy [8, 9] . Generally, silicates exist as soluble polymeric poly-anions with limited nuclearity, which rarely exceed 10-12 Si atoms, and have a tendency to self-condense as much as possible to favor cycle and cage structures. Nevertheless, structures with large cycles exceeding five Si-based rings have been never detected in synthesis medium. The relationship between soluble silicates and SBUs in solid state is still ambiguous and evidencing 'real' SBUs in solution and their evolution until solid formation currently represents a major scientific challenge [10] .
In an early work, Benner et al. reported the isolation and X-ray diffraction (XRD) structure of a potassium dicyclohexasilicate-α-cyclodextrin adduct, K 12 Si 12 O 30 ·2α-CD·36H 2 O [11] . It represents a composite molecular assembly including a double six-ring (D6R) silicate anion and two oligosaccharide components involved in a perfect-sandwiched donor-acceptor hydrogen-bond system. The ability of CDs to form inclusion complexes and hybrid adducts with inorganic objects through weak supramolecular interactions including electrostatic forces, H-bonding, chaotropic, and hydrophobic repulsion-attractions is well-documented [12] [13] [14] . Their employment as complexing agents may, thus, result in shifting thermodynamic equilibriums and entrapping novel or elusive species because of maximizing entropy by reducing solvation energy. For instance, recently, we demonstrated that introduction of γ-CD modified the speciation in molybdate and tungstate solutions favors the Lindqvist-type poly-anion that has never been observed before in aqueous solution [15] . It, therefore, appears clear that α-CD assists the construction of the D6R unit (Si 12 O 30 12− ) and greatly contributes to its stabilization because formation of such a silicate anion is known to not occur spontaneously in aqueous alkaline silicate solutions. The titled compound K 12 Si 12 O 30 ·2α-CD, abbreviated D6R@α-CD hereafter, deserves attention because it represents the unique molecular form known of the hexagonal-prismatic D6R cage while the trigonal-prismatic D3R and the cubic D4R silicate cages are common molecular features occurring in silicate hydrates as tetraalkylammonium salts [16, 17] . Furthermore, the D6R unit is the main SBU for CHA, EMT, FAU, GME, and KFI-type zeolites [7] . The host-guest chemistry taking place in D6R@α-CD may help us better understand the complex template effect during the organic-assisted solution and colloidal zeolite crystallization. In this work, we performed a detailed study on the formation of D6R@α-CD in solution by means of 1 H and 29 Si NMR providing the first NMR spectroscopic characterization of the isolated molecular form of the D6R silicate anion. Moreover, novel crystallographic structure data are reported for D6R@α-CD crystallizing in D 2 O with different crystal packing system regarding the previously reported XRD structure determination [11] . Lastly, this work represents a case study of complementary approaches bridging synthesis, NMR characterization, and crystal structure.
Materials and Methods

Chemicals
All reagents were of high purity and were used as obtained from Fisher Scientific France (Illkirch Graffenstaden, France), Sigma-Aldrich Chimie (Lyon, France), TCI Europe (Paris, France), and Fluorochem (Hadfield, UK): NaOH (Acros, 100%), KOH (Alpha-Aesar, 85%), RbOH (Aldrich, 50 wt.% aqueous solution), CsOH (Alpha-Aesar, 80%), tetramethylammonium hydroxide, TMAOH (Alpha-Aesar, 25 wt.% aqueous solution), tetraethylammonium hydroxide, TEAOH (Alpha-Aesar, 35 wt.% aqueous solution), tetrapropylammonium hydroxide, TPAOH (Alpha-Aesar, 40 wt.% aqueous solution), tetrabuthylammonium hydroxide, TBAOH (Alpha-Aesar, 40 wt.% aqueous solution), NaCl (Fluka, 100%), KCl (Sigma, 99%), RbCl (Fluka, 100%), CsCl (Acros, 99%), tetraethylorthosilicate, TEOS (Acros, 98%), α-CD (TCI, 98%), and D 2 O (99.90% D, Euro-isotope).
Synthesis of K
The synthesis of D6R@α-CD is first reported by Benner et al. using tetramethylorthosilicate (TMOS), KOH, and α-CD [11] . In our procedure, TEOS is used as a silicon source. The synthesis was also successfully achieved with silica but the process was much slower. We, therefore, decided to perform all our studies with TEOS.
In typical synthesis, 100 mg (1.78 mmol) of KOH is first dissolved in 1 mL of D 2 O to which 250 mg (0.26 mmol) of α-CD is added under magnetic stirring until complete dissolution. Then 320 mg (1.54 mmol) of TEOS is introduced and, to force the hydrolysis, the mixture is vigorously stirred magnetically (1400 rpm) for 15 min. This mixing stage is crucial. It should be long enough to obtain a homogeneous clear phase after complete hydrolysis but also not too long (less than 30 min) because prolonged stirring leads to white insoluble precipitate. [18] and is attributed to some physical property changes of the solvent like density or viscosity, which significantly affect the solvation and the diffusivity of solutes [19] .
The product was characterized by single crystal XRD, FT-IR spectroscopy, thermogravimetric analysis (TGA), solid-state 13 C and 29 Si magic-angle spinning (MAS) NMR, and, in solution, by 1 H and 29 Si NMR spectroscopy (50 mg in 0.5 mL D 2 O). XRD and NMR results will be discussed in Section 3.
FT-IR spectrum and TGA curve are shown in Supplementary Materials ( Figures S1 and S2) . IR shows the characteristic bands for α-CD at 1648, 1432, 1360, 1156, and 1000 cm −1 and others are assigned to silicate groups at 1108, 1184, 1000, and 464 cm −1 . Other important absorption bands are visible at 3344, 2926, and 667 cm −1 . TGA reveals a weight loss of about 17% from 25 • C to 240 • C (the expected weight loss for 36 H 2 O is 16.70%).
Nuclear Magnetic Resonance (NMR) Study in Solution
Synthesis solutions with variable chemical composition were studied by 1 H and 29 Si NMR spectroscopy to establish optimal experimental conditions for the formation of the composite complex D6R@α-CD. The following systems have been prepared according to the same procedure of Section 2.2 to study: (i) kinetics: 1 α-CD:6 TEOS:6 KOH:300 D 2 O (ii) effect of KCl: 1 α-CD:6 TEOS:6 KOH:y D 2 O:x KCl (y = 600-1000, x = 15-60) (iii) effect of base: 1 α-CD:6 TEOS:6 XOH:200 D 2 O (X = Na, K, Rb, Cs, TMA, TEA, TPA, TBA) (iv) effect of cation: 1 α-CD:6 TEOS:6 TEAOH:900 D 2 O:40 XCl (X = Na, K, Rb, Cs)
Characterization Techniques
NMR Spectroscopy
Liquid state spectra were measured in D 2 O at 24 • C using standard Quartz 5 mm NMR tubes. A fixed amount of 0.5 mL for each sample was analyzed on a Bruker Avance 400 spectrometer (Karlsruhe, Baden-Württemberg, Germany) operating at a Larmor frequency of 400.1 and 79.49 MHz for 1 H and 29 Si, respectively. The 29 Si spectra were acquired with a Hahn-echo sequence to minimize the probe background signal as much as possible. Typically, spectra at a spectral width of 6.25 kHz and a digital resolution of 0. 29 Si CPMAS NMR spectra were recorded with a 5 s recycle delay and 750 transients.
All experimental data were zero-filled to double the number of experimental points. Chemical shifts were calibrated with respect to standard tetramethylsilane, TMS (0.0 ppm), for all nuclei, i.e., 1 H, 13 C, and 29 Si. Spectral decomposition was performed by using NMRNoteBook software (NMRTEC, Illkirch Graffenstaden, France).
Fourier Transform Infrared (FT-IR) and Thermogravimetric Analysis (TGA)
FT-IR spectra were recorded on a 6700 FT-IR Nicolet spectrophotometer (Madison, WI, USA) using the diamond ATR technique. The spectra were recorded on non-diluted compounds at a solid state in the 400-4000 cm −1 range using ATR correction. TGA curves were obtained by using a Mettler Toledo TGA/DSC 1, STAR e System instrument (Giessen, Hesse, Germany). The temperature was measured with an accuracy of ±1 K. The analysis was carried out in an air flow at a heating rate of 5 K/min −1 . About 10 mg of the powder sample was used.
Single Crystal X-ray Diffraction (XRD)
Crystallographic data for single-crystal X-ray diffraction study are summarized in Table 1 . These data can be obtained free of charge from The Cambridge Crystallographic Data Center via https: //www.ccdc.cam.ac.uk/structures-beta/under deposit number: 1879607. Crystals of D6R@α-CD were selected under a polarizing optical microscope and glued in paratone oil to prevent any loss of crystallization water. X-ray intensity data were collected at a low temperature (T = 230 K) on a Bruker D8 VENTURE diffractometer (Karlsruhe, Germany) equipped with a PHOTON 100 CMOS bidimensional detector using a high brilliance IµS micro-focus X-ray Mo Kα mono-chromatized radiation (λ = 0.71073 Å). Data reduction was accomplished by using SAINT V7.53a. The substantial redundancy in data allowed a semi-empirical absorption correction (SADABS V2.10) to be applied based on multiple measurements of equivalent reflections. Using Olex2 [20] , the structure was solved with the ShelXT structure solution program [21] using Intrinsic Phasing, and refined with the ShelXL [22] refinement package using Least Squares minimization. Numerous water molecules located inside the cavities were disordered. Thereby, the contribution of solvent-electron density was removed using the SQUEEZE routine in PLATON [23] , which produced a set of solvent-free diffraction intensities. The remaining non-hydrogen atoms were located from Fourier differences and were refined with anisotropic thermal parameters. Positions of the hydrogen atoms belonging to the α-CD were calculated and refined isotropically by using the gliding mode.
Results and Discussions
XRD Structure and NMR Characterization of D6R@α-CD
The supramolecular adduct D6R@α-CD crystallizes in the orthorhombic space group C222 1 with cell parameters: a = 14.841 (4) SAINT V7.53a. The substantial redundancy in data allowed a semi-empirical absorption correction (SADABS V2.10) to be applied based on multiple measurements of equivalent reflections. Using Olex2 [20] , the structure was solved with the ShelXT structure solution program [21] using Intrinsic Phasing, and refined with the ShelXL [22] refinement package using Least Squares minimization. Numerous water molecules located inside the cavities were disordered. Thereby, the contribution of solvent-electron density was removed using the SQUEEZE routine in PLATON [23] , which produced a set of solvent-free diffraction intensities. The remaining non-hydrogen atoms were located from Fourier differences and were refined with anisotropic thermal parameters. Positions of the hydrogen atoms belonging to the α-CD were calculated and refined isotropically by using the gliding mode.
Results and Discussions
XRD Structure and NMR Characterization of D6R@α-CD
The supramolecular adduct D6R@α-CD crystallizes in the orthorhombic space group C2221 with cell parameters: a = 14.841 (4) [11] , which means we present a different polymorph. The structure analysis revealed a sandwich complex comprising the prismatic dicyclohexasilicate anion [Si12O30] 12− (D6R) intercalated between two α-CD molecules. Such assembly shown in Figure 1a ,b also contains two potassium cations centered on the top and bottom bases of the hexagonal cage. Each potassium atom shows six direct contacts to bridging oxygen in the hexagonal window with d(K⎯O) = 2.8-3.0 Å. These potassium cations may play an important structural role to aid in maintaining the hybrid assembly. The crystal packing is very similar to the published triclinic form with an identical basic motif of the inorganic-organic assembly stacked in a way to form silicate layers alternating with organic cyclodextrin double layers along hexagonal rods ( Figure S3 in Supplementary Materials). However, the disposition of the remaining 10 potassium atoms surrounding the D6R unit is different in the two polymorphic forms. Considering the silicate cage and their 12 potassium counter ions, no symmetry is present in the triclinic form ( Figure S4 in Supplementary Materials) while the orthorhombic form presents a C2 symmetry axis (Figure 1c,d) . This difference between the two crystallographic systems appears due to the positions of the potassium atoms around the cyclodextrin-silicate assembly. The distances between the peripheral K + and the terminal deprotonated silanols (Si-O − ) are within the range of 3.3-3.9 Å, which indicates there is no direct contact between these potassium and the silicate anions. Thus, they should be involved in a common H-bonding network through water molecules. Because our structure is obtained in D 2 O, we may infer that the isotopic effect of heavy water has enforced a different H/D-bonding structure around the potassium cations, which, in turn, has led to different polymorphic structure. Consequently, the local symmetry of the hybrid assembly is higher in the orthorhombic form than the triclinic structure.
The driving force for the formation of the supramolecular adduct D6R@α-CD would be the mutual interaction between the silicate cage and the α-CD molecules forming a strong donor-acceptor H-bonding network. The 12 hydroxyl groups of each CD at the secondary rim are involved in H-bond contacts with the six terminal deprotonated silanol groups of each hexagonal face, which exhibits interatomic O-O distances within the range 2.5-2.8 Å.
In the original paper by Benner et al. [11] , no spectroscopic data of D6R@αCD were provided. We report in this paper the first 1 H and 29 Si NMR characterization of the silicate-CD complex in D 2 O (Figure 2 ). The adduct was not stable in pure D 2 O but dissolution of the crystalline product in alkaline solution (pD = 12.7) and rich in potassium (3 M KCl) allows its stabilization.
The distances between the peripheral K + and the terminal deprotonated silanols (Si⎯O − ) are within the range of 3.3-3.9 Å, which indicates there is no direct contact between these potassium and the silicate anions. Thus, they should be involved in a common H-bonding network through water molecules. Because our structure is obtained in D2O, we may infer that the isotopic effect of heavy water has enforced a different H/D-bonding structure around the potassium cations, which, in turn, has led to different polymorphic structure. Consequently, the local symmetry of the hybrid assembly is higher in the orthorhombic form than the triclinic structure.
The driving force for the formation of the supramolecular adduct D6R@α-CD would be the mutual interaction between the silicate cage and the α-CD molecules forming a strong donor-acceptor H-bonding network. The 12 hydroxyl groups of each CD at the secondary rim are involved in H-bond contacts with the six terminal deprotonated silanol groups of each hexagonal face, which exhibits interatomic O⎯O distances within the range 2.5-2.8 Å.
In the original paper by Benner et al. [11] , no spectroscopic data of D6R@αCD were provided. We report in this paper the first 1 H and 29 Si NMR characterization of the silicate-CD complex in D2O (Figure 2 ). The adduct was not stable in pure D2O but dissolution of the crystalline product in alkaline solution (pD = 12.7) and rich in potassium (3 M KCl) allows its stabilization. The 1 H NMR exhibits the six types of protons of the CD labeled H1 to H6, which underwent substantial changes of their position in D6R@αCD when compared to the original spectrum of αCD. However, the difference in chemical shifts differed from a proton type to another, as illustrated in Table 2 . These effects represent a specific signature of involvement of the CD tori in the mutual donor-acceptor interaction within the adduct. The hydrogen bonding system, which fixes the conformation of the toroidal oligosaccharide, would affect the environment of the protons at different extent depending on their position in the molecule with respect to the interacting rim. The most important changes in chemical shifts are observed for protons H2 and H3, which are present on the interacting side with the silicate anion, while the least effects are observed for protons H5 and H6 located at the opposite side. The 29 Si NMR spectrum exhibits a single signal at −101.2 ppm corresponding to the 12 equivalent Si in the D6R unit. This result highlights the high symmetry of the adduct in an idealized D6 environment. The observed chemical shift appeared at the high-field limit of typical chemical shifts range for the Q 3 OSi(OSi)3 environment (from −94 to −101 ppm) [24] and represents the first known example of the D6R anion in aqueous solution. This chemical shift also compares well with the values for the cubic octamer D4R observed to range from −98.1 to −100.0 ppm [8, 9, 25 ]. The 1 H NMR exhibits the six types of protons of the CD labeled H1 to H6, which underwent substantial changes of their position in D6R@αCD when compared to the original spectrum of αCD. However, the difference in chemical shifts differed from a proton type to another, as illustrated in Table 2 . These effects represent a specific signature of involvement of the CD tori in the mutual donor-acceptor interaction within the adduct. The hydrogen bonding system, which fixes the conformation of the toroidal oligosaccharide, would affect the environment of the protons at different extent depending on their position in the molecule with respect to the interacting rim. The most important changes in chemical shifts are observed for protons H2 and H3, which are present on the interacting side with the silicate anion, while the least effects are observed for protons H5 and H6 located at the opposite side. The 29 Si NMR spectrum exhibits a single signal at −101.2 ppm corresponding to the 12 equivalent Si in the D6R unit. This result highlights the high symmetry of the adduct in an idealized D 6 environment. The observed chemical shift appeared at the high-field limit of typical chemical shifts range for the Q 3 OSi(OSi) 3 environment (from −94 to −101 ppm) [24] and represents the first known example of the D6R anion in aqueous solution. This chemical shift also compares well with the values for the cubic octamer D4R observed to range from −98.1 to −100.0 ppm [8, 9, 25] . 
Formation and Stability of D6R@α-CD in Solution
The synthesis of D6R@α-CD takes place in a concentrated solution containing stoichiometric amounts of α-CD, TEOS, and KOH. To investigate the synthesis medium, 1 H and 29 Si NMR were recorded immediately after the complete hydrolysis of TEOS in the system 1 α-CD:6 TEOS:6 KOH:300 D 2 O. The expected NMR signatures of the adduct D6R@α-CD observed in Figure 2 were not present. We, therefore, monitored the kinetics of formation by recording NMR measurements over a long period up to nine days of aging. These measurements shown in Figures 3 and 4 revealed a very slow formation process where the adduct reached a maximum yield of ca. 45% after five days. The NMR signature of D6R in Figure 4 coincides with the appearance of the specific 1 H NMR signals of complexed CD in Figure 3 , which means that they should exist only as a composite D6R-CD adduct. 29 Si NMR can monitor the slow formation of the D6R silicate, which is shown in Figure 4 . The signals of monomers at −72 ppm and other oligomers visible between −80 and −100 ppm decreased progressively as a function of time while the resonance of the D6R appearing at −101 ppm increased continuously to reach 41% of total Si signals after five days of aging. These observations are consistent with the 1 H NMR results of Figure 3 and demonstrate the slow conversion of small silicate oligomers into the D6R unit. In order to improve the D6R-αCD production, we studied the effect of the addition of KCl in the synthesis medium ( Figure S5 in Supplementary Materials). The addition of potassium salt allows the enrichment of the medium in potassium without altering the pD, which is a crucial parameter for the synthesis. The yield, as expected, increased significantly by introducing KCl, but to a certain limit due to the KCl solubility. To introduce more KCl, we had to dilute the system further, which also affects the synthesis by lowering the yield. A compromise between dilution and KCl addition has to be found for optimal yield and the highest value obtained was 68% for the system 1 α-CD:6 TEOS: 
The synthesis of D6R@α-CD takes place in a concentrated solution containing stoichiometric amounts of α-CD, TEOS, and KOH. To investigate the synthesis medium, 1 H and 29 Si NMR were recorded immediately after the complete hydrolysis of TEOS in the system 1 α-CD:6 TEOS:6 KOH:300 D2O. The expected NMR signatures of the adduct D6R@α-CD observed in Figure 2 were not present. We, therefore, monitored the kinetics of formation by recording NMR measurements over a long period up to nine days of aging. These measurements shown in Figures 3 and 4 revealed a very slow formation process where the adduct reached a maximum yield of ca. 45% after five days. The NMR signature of D6R in Figure 4 coincides with the appearance of the specific 1 H NMR signals of complexed CD in Figure 3 , which means that they should exist only as a composite D6R-CD adduct. 29 Si NMR can monitor the slow formation of the D6R silicate, which is shown in Figure 4 . The signals of monomers at −72 ppm and other oligomers visible between −80 and −100 ppm decreased progressively as a function of time while the resonance of the D6R appearing at −101 ppm increased continuously to reach 41% of total Si signals after five days of aging. These observations are consistent with the 1 H NMR results of Figure 3 and demonstrate the slow conversion of small silicate oligomers into the D6R unit. In order to improve the D6R-αCD production, we studied the effect of the addition of KCl in the synthesis medium ( Figure S5 in Supplementary Materials). The addition of potassium salt allows the enrichment of the medium in potassium without altering the pD, which is a crucial parameter for the synthesis. The yield, as expected, increased significantly by introducing KCl, but to a certain limit due to the KCl solubility. To introduce more KCl, we had to dilute the system further, which also affects the synthesis by lowering the yield. A compromise between dilution and KCl addition has to be found for optimal yield and the highest value obtained was 68% for the system 1 α-CD:6 TEOS:6 KOH:700 D2O:30 KCl. 29 Si NMR spectra of the synthesis medium in the system 1 α-CD:6 TEOS:6 KOH:300 D2O with time, which shows the growth of the signal of D6R@α-CD at ca. 101 ppm.
To investigate the effect of the base, several mineral and organic bases were studied in the system 1 α-CD:6 TEOS:6 base:300 D2O. When LiOH or NH4OH is used, white precipitates were formed presumably as amorphous silicates. In the case of NaOH, two distinct separate liquid phases were obtained. De-mixing into two non-miscible phases and formation of hydrated silicate ionic liquid (HSIL) are known to occur in such a highly alkaline mineral system [26] . Such a phenomenon did not, however, happen with KOH, RbOH, or CsOH and a clear homogeneous phase was observed, which indicates that the presence of α-CD modified the chemistry of these solutions in contrast to the system containing NaOH. Figure 5 shows the 29 Si NMR spectra of the equilibrated solutions using NaOH, KOH, RbOH, CsOH, TMAOH, TEAOH, TPAOH, or TBAOH as a base for TEOS hydrolysis in the presence of α-CD. The characteristic signal at ca. −101 ppm indicates that the presence of D6R is observed only in systems containing large alkali cations, i.e., K + , Rb + , and Cs + . In the case of Na + and TAA + cations, no D6R units can be observed and only the usual silicate oligomers were present with these cations especially D4R and D3R units in TMA and TEA solutions [25, 27, 28] . Figure 5 . 29 Si NMR spectra of equilibrated solutions in the system 1 α-CD:6 TEOS:6 base:300 D2O, base = NaOH, KOH, RbOH, CSOH, TMAOH, TEAOH, TPAOH, and TBAOH, which shows the occurrence of D6R (ca. 101 ppm) with the presence of large alkali cations (K + , Rb + , and Cs + ). To investigate the effect of the base, several mineral and organic bases were studied in the system 1 α-CD:6 TEOS:6 base:300 D 2 O. When LiOH or NH 4 OH is used, white precipitates were formed presumably as amorphous silicates. In the case of NaOH, two distinct separate liquid phases were obtained. De-mixing into two non-miscible phases and formation of hydrated silicate ionic liquid (HSIL) are known to occur in such a highly alkaline mineral system [26] . Such a phenomenon did not, however, happen with KOH, RbOH, or CsOH and a clear homogeneous phase was observed, which indicates that the presence of α-CD modified the chemistry of these solutions in contrast to the system containing NaOH. Figure 5 shows the 29 Si NMR spectra of the equilibrated solutions using NaOH, KOH, RbOH, CsOH, TMAOH, TEAOH, TPAOH, or TBAOH as a base for TEOS hydrolysis in the presence of α-CD. The characteristic signal at ca. −101 ppm indicates that the presence of D6R is observed only in systems containing large alkali cations, i.e., K + , Rb + , and Cs + . In the case of Na + and TAA + cations, no D6R units can be observed and only the usual silicate oligomers were present with these cations especially D4R and D3R units in TMA and TEA solutions [25, 27, 28] . To investigate the effect of the base, several mineral and organic bases were studied in the system 1 α-CD:6 TEOS:6 base:300 D2O. When LiOH or NH4OH is used, white precipitates were formed presumably as amorphous silicates. In the case of NaOH, two distinct separate liquid phases were obtained. De-mixing into two non-miscible phases and formation of hydrated silicate ionic liquid (HSIL) are known to occur in such a highly alkaline mineral system [26] . Such a phenomenon did not, however, happen with KOH, RbOH, or CsOH and a clear homogeneous phase was observed, which indicates that the presence of α-CD modified the chemistry of these solutions in contrast to the system containing NaOH. Figure 5 shows the 29 Si NMR spectra of the equilibrated solutions using NaOH, KOH, RbOH, CsOH, TMAOH, TEAOH, TPAOH, or TBAOH as a base for TEOS hydrolysis in the presence of α-CD. The characteristic signal at ca. −101 ppm indicates that the presence of D6R is observed only in systems containing large alkali cations, i.e., K + , Rb + , and Cs + . In the case of Na + and TAA + cations, no D6R units can be observed and only the usual silicate oligomers were present with these cations especially D4R and D3R units in TMA and TEA solutions [25, 27, 28] . Figure 5 . 29 Si NMR spectra of equilibrated solutions in the system 1 α-CD:6 TEOS:6 base:300 D2O, base = NaOH, KOH, RbOH, CSOH, TMAOH, TEAOH, TPAOH, and TBAOH, which shows the occurrence of D6R (ca. 101 ppm) with the presence of large alkali cations (K + , Rb + , and Cs + ). Figure 5 . 29 Si NMR spectra of equilibrated solutions in the system 1 α-CD:6 TEOS:6 base:300 D 2 O, base = NaOH, KOH, RbOH, CSOH, TMAOH, TEAOH, TPAOH, and TBAOH, which shows the occurrence of D6R (ca. 101 ppm) with the presence of large alkali cations (K + , Rb + , and Cs + ).
To further study the effect of alkali cation on the formation of D6R@α-CD, chloride salts of sodium, potassium, rubidium, or cesium were introduced to a silicate solution containing α-CD in the system 1 α-CD:6 TEOS:6 TEAOH:900 D 2 O. The adduct D6R@α-CD was not favored in tetraalkylammonium silicate solutions and the introduction of alkali cations in large excess had led to the adduct formation only in the case of K + , Rb + , and Cs + with 67%, 55%, and 90% yield, respectively ( Figure 6 ). With Na, however, no such complex occurred. These results are fully consistent with the previous study of alkali bases confirming that D6R@α-CD is stabilized by K + and Cs + and, to a lesser extent, Rb + . This, however, contrasts with the original paper of Benner et al. [11] who stated that potassium ions do not have a significant influence on the formation of D6R@α-CD since a similar complex has also been obtained with sodium cations. According to our results, it appears that the alkali cation size plays a crucial role to stabilize the D6R cage by binding to the coordinating sites of the prism bases. The cesium cation offers an optimal size while the sodium ion is unfavorably small to template the six-ring window. To further study the effect of alkali cation on the formation of D6R@α-CD, chloride salts of sodium, potassium, rubidium, or cesium were introduced to a silicate solution containing α-CD in the system 1 α-CD:6 TEOS:6 TEAOH:900 D2O. The adduct D6R@α-CD was not favored in tetraalkylammonium silicate solutions and the introduction of alkali cations in large excess had led to the adduct formation only in the case of K + , Rb + , and Cs + with 67%, 55%, and 90% yield, respectively ( Figure 6 ). With Na, however, no such complex occurred. These results are fully consistent with the previous study of alkali bases confirming that D6R@α-CD is stabilized by K + and Cs + and, to a lesser extent, Rb + . This, however, contrasts with the original paper of Benner et al. [11] who stated that potassium ions do not have a significant influence on the formation of D6R@α-CD since a similar complex has also been obtained with sodium cations. According to our results, it appears that the alkali cation size plays a crucial role to stabilize the D6R cage by binding to the coordinating sites of the prism bases. The cesium cation offers an optimal size while the sodium ion is unfavorably small to template the six-ring window. Attempts were undertaken to poly-condensate the obtained D6R units from their native solution by hydrothermal treatment to produce porous materials from prefabricated SBU. Unfortunately, no tridimensional porous materials were obtained but, instead, crystalline layered potassium hydrogen disilicate KHSi2O5 polymorphs [29, 30] were formed, which were also obtained in the same system without α-CD. To investigate the effect of the temperature on the stability of the D6R@α-CD unit, NMR experiments were conducted at 55 °C (see Figures S6 and S7 in Supplementary Materials). These experiments revealed the instability of the D6R@α-CD adduct upon heating as the characteristic 1 H and 29 Si NMR signals completely disappeared at 55 °C. By lowering the temperature to room condition, the D6R@α-CD adduct reappeared again slowly. These results suggest the composite complex D6R@α-CD is fragile and decomposes easily by heating even though the assembly-disassembly process is reversible with the temperature.
Solid State NMR Characterization
The D6R@α-CD compound was analyzed by means of 13 C and 29 Si solid state NMR spectroscopy. The 13 C CPMMAS spectrum (see Figure S8 in Supplementary Materials) exhibits the characteristic signals of the six carbon types of α-CD in the organic moiety and the spectrum compares well with that of the parent α-CD. Some resolutions can be seen for each site as an indication of several local environments around each glucopyranose groups. Figure 7 shows the 29 Si MAS NMR spectrum of D6R@α-CD revealing signals in the range −101 to −103 ppm. Spectral decomposition allows the distinction of four resonances with a signal area ratio of 1:3:1:1. Such a Attempts were undertaken to poly-condensate the obtained D6R units from their native solution by hydrothermal treatment to produce porous materials from prefabricated SBU. Unfortunately, no tridimensional porous materials were obtained but, instead, crystalline layered potassium hydrogen disilicate KHSi 2 O 5 polymorphs [29, 30] were formed, which were also obtained in the same system without α-CD. To investigate the effect of the temperature on the stability of the D6R@α-CD unit, NMR experiments were conducted at 55 • C (see Figures S6 and S7 in Supplementary Materials). These experiments revealed the instability of the D6R@α-CD adduct upon heating as the characteristic 1 H and 29 Si NMR signals completely disappeared at 55 • C. By lowering the temperature to room condition, the D6R@α-CD adduct reappeared again slowly. These results suggest the composite complex D6R@α-CD is fragile and decomposes easily by heating even though the assembly-disassembly process is reversible with the temperature.
The D6R@α-CD compound was analyzed by means of 13 C and 29 Si solid state NMR spectroscopy. The 13 C CPMMAS spectrum (see Figure S8 in Supplementary Materials) exhibits the characteristic signals of the six carbon types of α-CD in the organic moiety and the spectrum compares well with that of the parent α-CD. Some resolutions can be seen for each site as an indication of several local environments around each glucopyranose groups. Figure 7 shows the 29 Si MAS NMR spectrum of D6R@α-CD revealing signals in the range −101 to −103 ppm. Spectral decomposition allows the distinction of four resonances with a signal area ratio of 1:3:1:1. Such a distribution could account for the non-resolved six Si types (2 Si:3 × 2 Si:2 Si:2 Si) in the D6R@α-CD adduct by taking into account the potassium environments. The local potassium silicate ensemble exhibits a C 2 symmetry (see Figure 1c ,d) leading to six inequivalent pairs of Si in the D6R unit. The observed chemical shifts compare well with the value measured in aqueous solution, i.e., −101 ppm (Figure 2) , but fall at a slightly higher field outside the typical range for Q 3 type Si in silicates [31] . Distortion of the bond angles in the silicon-oxygen tetrahedra and variations in SiOSi bond angles could cause significant changes of 29 (Figure 2) , but fall at a slightly higher field outside the typical range for Q 3 type Si in silicates [31] . Distortion of the bond angles in the silicon-oxygen tetrahedra and variations in SiOSi bond angles could cause significant changes of 29 Table 3 summarizes the mean SiOSi angle observed in D6R@α-CD and in other silicate cage structures such as D3R and D4R for comparison. In strained D3R structure, the mean SiOSi angle is the smallest in the 3R face. However, the mean SiOSi angle in the 6R face of D6R@α-CD is not larger than the mean SiOSi angle in the cubic D4R compound, which means that there are no particular structural constraints in these structures. Nevertheless, the mean SiOSi angle in the 4R face increases significantly with an increasing n in DnR from ca. 130 to 150 to 170° for n = 3, 4, or 6. This means the prismatic shape of these cages becomes more elongated in the series from D3R to D6R. Because of these structural features, the average SiOSi bond in these Q 3 Si increases progressively from D3R to D6R, which would explain the linear variation in 29 Si chemical shifts shown in Figure 8 . A relationship between observed Q 3 29 Si shifts in the DnR and mean SiOSi angle is derived (equation 2), which is similar to that for Q 4 sites in silicates. The two linear relations have almost the same slope (ca. −0.6 ppm/°) and a difference of Y-intercept of ca. 7 ppm, which corresponds to the well-established condensation effect between Q 4 and Q 3 . This means this relationship could be generalized for Q n sites considering the difference in the Y-intercept as due to a Q n condensation effect.
δ(ppm) = −0.5824 <SiOSi> − 11.51, R = 0.982 (2) Table 3 summarizes the mean SiOSi angle observed in D6R@α-CD and in other silicate cage structures such as D3R and D4R for comparison. In strained D3R structure, the mean SiOSi angle is the smallest in the 3R face. However, the mean SiOSi angle in the 6R face of D6R@α-CD is not larger than the mean SiOSi angle in the cubic D4R compound, which means that there are no particular structural constraints in these structures. Nevertheless, the mean SiOSi angle in the 4R face increases significantly with an increasing n in DnR from ca. 130 to 150 to 170 • for n = 3, 4, or 6. This means the prismatic shape of these cages becomes more elongated in the series from D3R to D6R. Because of these structural features, the average SiOSi bond in these Q 3 Si increases progressively from D3R to D6R, which would explain the linear variation in 29 Si chemical shifts shown in Figure 8 . A relationship between observed Q 3 29 Si shifts in the DnR and mean SiOSi angle is derived (equation 2), which is similar to that for Q 4 sites in silicates. The two linear relations have almost the same slope (ca. −0.6 ppm/ • ) and a difference of Y-intercept of ca. 7 ppm, which corresponds to the well-established condensation effect between Q 4 and Q 3 . This means this relationship could be generalized for Q n sites considering the difference in the Y-intercept as due to a Q n condensation effect. δ(ppm) = −0.5824 <SiOSi> −11.51, R = 0.982 (2) 
Conclusions
The D6R silicate poly-anion is prepared in alkaline media in the presence of α-CD that stabilizes the cage structure through an elaborated acceptor-donor H-bonding network, which leads to a sandwich supramolecular adduct. We report in this scenario a novel polymorphic crystallographic form of the hybrid compound D6R@α-CD. Studies in solution revealed the important structural role of potassium cations stabilizing the prismatic structure with large 6R faces. Such a template effect is also observed with bulkier alkali cations namely Rb + and Cs + . Organic TAA cations, however, did not show such a stabilizing effect. The formation process of the inclusion complex was found to occur slowly at room temperature. Heating is not a favorable factor for the formation of such fragile assembly. The complex was characterized by NMR spectroscopy in solution and solid state. Both 1 H and 29 Si NMR exhibited characteristic features of complexed α-CD and silicate cage structure. Attempts to rationalize the observed 29 Si NMR shifts were made in relation with SiOSi bond angle effects. 
